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Enterococcus faecalis, a member of the natural microbiota of animal and human intestinal tracts, is also
present as a natural contaminant in a variety of fermented foods. Over the last decade, E. faecalis has emerged
as a major cause of nosocomial infections. We investigated the genetic diversity in 30 clinical and food isolates,
including strains V583 and MMHS594, in order to determine whether clinical and food isolates could be
distinguished. Data were obtained using comparative genomic hybridization and specific PCR with a total of
202 probes of E. faecalis, selected using the available V583 genome sequence and part of the MMH594
pathogenicity island. The cognate genes encoded mainly exported proteins. Hybridization data were analyzed
by a two-component mixture model that estimates the probability of any given gene to be either present or
absent in the strains. A total of 78 genes were found to be variable, as they were absent in at least one isolate.
Most of the variable genes were clustered in regions that, in the published V583 sequence, related to prophages
or mobile genetic elements. The variable genes were distributed in three main groups: (i) genes equally
distributed between clinical and dairy food isolates, (ii) genes absent from dairy food-related isolates, and (iii)
genes present in MMH594 and V583 strains only. Further analysis of the distribution of the last gene group
in 70 other isolates confirmed that six of the probed genes were always absent in dairy food-related isolates,
whereas they were detected in clinical and/or commensal isolates. Two of them corresponded to prophages that
were not detected in the cognate isolates, thus possibly extending the number of genes absent from dairy food
isolates. Genes specifically detected in clinical isolates may prove valuable for the development of new risk
assessment markers for food safety studies and for identification of new factors that may contribute to host

colonization or infection.

Enterococci are ubiquitous low-GC percentage gram-posi-
tive bacteria encountered in various environments, including
animal and human intestinal tracts, soil, plants and water. They
are found as members of the natural microbiota of a variety of
fermented food products such as artisanal cheeses and fer-
mented sausages and reportedly play an important role in food
processing (23, 28). Enterococci have been consumed for cen-
turies, and both Enterococcus faecalis and Enterococcus fae-
cium species are subdominant members of the digestive mi-
crobiota in human. However, isolates of both species are
emerging as major causes of nosocomial infections, including
urinary tract and abdominal infections, bacteremia, and endo-
carditis in patients with severe underlying diseases or an im-
paired immune system (40). E. faecalis causes 60 to 80% of
enterococcal infections. Less than 2% of infections are due to
strains resistant to clinically relevant antibiotics, ampicillin and
vancomycin, implying that other genetic factors are necessary
for E. faecalis infection and virulence potential (30).

Phenotypic studies suggest that E. faecalis strains vary in
their colonization and invasion abilities and, thus, likely vary in
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their virulence potential (14, 26, 39). Overall genetic diversity
of E. faecalis has been reported using various molecular typing
methods (for review, see reference 18; also J. C. Ogier and P.
Serror, submitted for publication). While diversity might ex-
plain the presence of E. faecalis in various environmental
niches and contribute to virulence, little is known about the
identity and the distribution of the variable genes. Among the
dozen of E. faecalis putative virulence factors reported (for a
review, see references 27 and 35), sets of known and potential
virulence factors (e.g., aggregation substance, enterococcal
surface protein [Esp], cytolysin toxin [Cyl], and gelatinase
[GelE]) are widespread among various collections of isolates,
including food-associated isolates (3, 10, 14, 16, 17, 23, 33, 53).
The findings that E. faecalis virulence genes are detected in
food-associated isolates calls for safety assessment measures
(10, 16, 23). Up to now, studies of E. faecalis genetic diversity
have focused on just three chromosomal regions, known as the
pathogenicity island (PAI) (43, 54), the fsr locus, and the cap-
sular polysaccharide gene clusters (32, 41, 48). Recent se-
quence availability of the clinical E. faecalis V583 genome (46)
and of the pathogenicity island of strain MMHS594 (54) has
opened the way to explore E. faecalis genome diversity using
DNA array technology for transcriptome analysis (1) and com-
parative genomic hybridization (CGH). CGH between patho-
genic and nonpathogenic or avirulent isolates within a single
species has proven useful for delineating putative bacterial
pathogen determinants (7, 8, 12, 13, 15, 37, 51, 56). Despite the
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TABLE 1. Enterococcus faecalis isolates by source of isolation and MLVA type

Strain no. Other designation Origin Sample source MLVA G?IE Reference or source
type activity
VE14002 V583 Clinical Blood 17 + 50
VE14039 DS16C3 Clinical Unknown 15 + 22
VE14040 FA2-2 Clinical Unknown 1 - 9
VE14505" CNRZ1377, Unknown” Unknown 7 -
NCDOS581
VE14510 CHV1324 Food Poultry 2 - CHYV (Versailles, France)
VE14512 CHV44 Clinical Urine 11 - CHYV (Versailles, France)
VEI14514 CHV212 Clinical Urine 19 + CHV (Versailles, France)
VE14518 CHV442 Clinical Deep pus 11 - CHYV (Versailles, France)
VE14522 JJG1 Food Cheese 11 - INRA (Jouy-en-Josas, France)
VE14523 G2 Food St. Paulin cheese 13 + INRA (Jouy-en-Josas, France)
VE14524 JJG3 Food Cheese 16 + INRA (Jouy-en-Josas, France)
VE14531 JJG40A Food Livarot cheese 9 + INRA (Jouy-en-Josas, France)
VE14532 JJGCIISA Food Livarot cheese 10 + INRA (Jouy-en-Josas, France)
VE14534 JJGCIISC Food Livarot cheese 14 + INRA (Jouy-en-Josas, France)
VE14535 CNRZ23G Food Rennet 8 - INRA (Jouy-en-Josas, France)
VE14568 609 Clinical Endocarditis 2 - Health Sciences Center
(Oklahoma City, Okla.)
VE14569 613 Clinical Endocarditis 2 - Health Sciences Center
(Oklahoma City, Okla.)
VE14571 654 Commensal Feces 3 - Health Sciences Center
(Oklahoma City, Okla.)
VE14583 CHV490 Clinical Lung 16 - CHYV (Versailles, France)
VE14584 CHV597 Clinical Blood culture 16 - CHYV (Versailles, France)
VE14585 CNRZ1388 Food Egyptian cheese 4 - INRA (Jouy-en-Josas, France)
VE14596 1313043 Clinical Valve’s body 15 + 25
VE14597 406022 Clinical Aortic valve 15 + 25
VE14598 99196021 Clinical Blood culture 12 + 25
VE14599 48273044 Clinical Aortic valve 8 - 25
VE14600 MMHS594 Clinical Blood 18 + 34
VE14615 697 Food Salers cheese 2 - INRA (Aurillac, France)
VE14617 707 Food Salers cheese 5 + INRA (Aurillac, France)
VE14623 718 Food Salers cheese 5 + INRA (Aurillac, France)
VE14628 735 Food Salers cheese 6 + INRA (Aurillac, France)

¢ The origin of the type strain is contradictory in the literature.

widespread use of CGH, only few statistical approaches for
data analysis have been developed. The most common data
analysis methods use a constant ratio value as a threshold for
assigning genes into either the absent or present categories.
This threshold is usually empirically determined from a com-
parison of reference strains for which the gene distribution is
known. This method supposes a high reproducibility between
arrays. However, inherent differences between membranes and
the fluctuating efficiency of DNA labeling are responsible for
variation between arrays. The mixture model has proven to be
a powerful statistical method to classify genes in a finite num-
ber of groups (11, 24, 38, 45).

To investigate genetic diversity of clinical and food isolates
of E. faecalis on a larger scale, we explored 30 E. faecalis
isolates from clinical and food origins for the presence of 202
genes. For this purpose, we performed comparative genomic
hybridization on a focused macroarray containing 186 genes,
mainly encoding exported proteins, and specific PCR on 16
genes. We applied a statistical approach based on the mixture
model to ensure reliable DNA array data analysis that would
distinguish the presence or absence of genes in a given isolate.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The E. faecalis strains used in this
study are listed in Table 1. These include the type strain and isolates of clinical

(15 isolates), food (13), and commensal (1 fecal isolate from a healthy volunteer)
origins. Clinical strains were obtained from the Centre Hospitalier de Versailles
(CHV), the Centre Hospitalier Universitaire of Lyon (25), or the Health Sci-
ences Center at University of Oklahoma. Food isolates were provided by the
CNRZ (National Centre for Zootechnical Research) collection at Jouy-en-Josas
and the INRA collection at Aurillac. The commensal isolate studied was ob-
tained from the Health Sciences Center at the University of Oklahoma. To assess
the distribution of genes scored as absent in food isolates, 70 additional E.
faecalis clinical, food, and commensal isolates from diverse locations (Argentina,
Egypt, England, France, and the United States) were analyzed by specific PCR.
A description of these strains is available upon request.

Diversity of the 30 isolates was first determined by multilocus variable-number
tandem-repeat analysis (MLVA) using a modified procedure developed by Titze-
de-Almeida and collaborators (57). For each PCR, 40 ng of total DNA was
suspended in 20 wl containing 12 pmol of region-specific pairs of primers (MWG
Biotech, Courtabeuf, France), a 0.2 mM concentration of each deoxynucleotide
triphosphate, 1X T.Pol incubation buffer (10 mM Tris-HCI [pH 9.0], 50 mM KCl,
0.1% Triton X-100, 0.2 mg/ml bovine serum albumin) containing 1.5 mM MgCl,
(Qbiogene, Illkirch, France) and 0.5 U of Tag DNA polymerase (Qbiogene).
Reactions were performed in a Mastercycler gradient (Eppendorf). PCR was
carried out as previously described (57) with 15 cycles of touchdown amplifica-
tion-denaturation steps, except that 10 cycles of standard PCR with annealing at
55°C were added to increase the PCR product yields. PCR product sizes were
analyzed on 1.5% agarose gels to determine the number of repeats. MLVA data
were analyzed with the classification multivariate method of StatGraphics Plus,
version 5.1. Equal weights were given to large and small numbers of differences
in the number of repeats within a particular locus. MLVA analysis of the 30
isolates using aceB, espC, efa3, efa5, and efa6 repeats (56) resulted in 19 distinct
MLVA types (Table 1).

To investigate the distribution of genes enriched in clinical and food isolates,
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a total of 70 isolates were analyzed by PCR in addition to the 30 isolates analyzed
by DNA array hybridization. All strains were grown at 37°C without shaking in
brain heart infusion broth. Detection of gelatinase activity was determined on
Todd-Hewitt (Difco Laboratories) agar plates containing 3% gelatin and re-
vealed as described previously (51).

Probe and primer design and macroarray construction. The macroarray was
designed using 211 E. faecalis genes, of which 205 genes were from strain V583
and 6 were from strain MMH594. This selection includes three housekeeping
genes used as positive controls (gyr4, dnaN, and rpoB corresponding to EF0002,
EF0006, and EF3238 in V583, respectively). Three genes used as negative con-
trols were from E. coli (cheZ) and Saccharomyces cerevisiae (YALO58C-A and
YAL047C).

Oligonucleotide primers were designed to amplify PCR fragments ranging
from 200 bp to 500 bp. Most of the primers were identical to those used in the
V583 microarray designed by Aakra and collaborators (1). In order to perform
two-stage PCR amplification (47), each primer was designed with a nonvariable
adaptamer sequence at the 5’ end. The adaptamer sequences were 5'-TACCT
TCTCGAGGGGAC and 5'-ACCCTCTCGTGGGCAG for forward and reverse
primers, respectively. The first PCR step was performed in 50 pl of reaction
mixture containing 20 ng of genomic DNA, a 200 pM concentration each de-
oxyribonucleotide, a 300 nM concentration of each primer (MWG Biotech), and
1.5 U of Tag DNA polymerase (Qbiogene). Amplification consisted of a dena-
turation step at 94°C of 5 min, followed by 2 cycles of 30 s at 94°C, 30 s at 56°C,
and 1 min at 72°C and 25 cycles of 30 s at 94°C and 1 min 30 s at 72°C, with a final
step of 1 min at 72°C. PCR products were purified after electrophoresis in 1.2%
low-melting-temperature agarose using a DNA gel extraction kit (Millipore,
Bedford, Mass.). Second-round PCR products were generated by reamplification
of the purified first-round PCR products using the adaptamer sequences as
primers. Reactions were carried out with 1 pl of 100-fold diluted PCR product,
a 200 M concentration of each deoxynucleotide triphosphate, a 300 nM con-
centration of each primer, and 2 U of Qbiogene Tag DNA polymerase. Ampli-
fication was achieved by denaturation at 94°C for 5 min, followed by 30 cycles of
94°C for 30 s, 54°C for 30 s, and 72°C for 30 s, with an additional extension period
at 72°C for 1 min. Before spotting, PCR products were precipitated with 2.5
volumes of absolute ethanol and resuspended in 3X SSC (1X SSC is 0.15 M
NacCl plus 0.015 M sodium citrate). PCR product concentration was adjusted to
200 ng/pl after DNA quantification by gel electrophoresis and Fluoroskan As-
cent (Thermo Electron Corporation, Boston, Mass.). PCR samples were printed
in duplicate on Nylon membranes (Hybond-N+; Amersham Biosciences, Buck-
inghamshire, England), using a Qbot macroarrayer (Genetix, Hampshire, United
Kingdom) by the Centre de Ressources Biologiques GADIE (INRA, Jouy-en-
Josas, France). After spotting, DNA was submitted to a denaturation step by
treating membranes with 0.5 M NaOH-1.5 M NaCl, followed by a neutralization
step with 1 M Tris-HCI-M NaCl, and membranes were rinsed four times with
milliQ water. Membranes were dried for 1 h at room temperature and for 2 h
at 80°C.

The specificity of DNA macroarray probes was analyzed by sequencing the 214
amplified DNA fragments with an ABI PRISM 3700 DNA analyzer from Ap-
plied Biosystems. In total, 186 E. faecalis genes, among which 180 were from
strain V583 and 6 from strain MMHS594, were considered for data macroarray
analysis. Sixteen probes, which had to be excluded from the macroarray because
of mixed PCR products (EF0511, EF0540, EF0605, EF0776, EF1420, EF2253,
EF2525, PATEF0047, and PAIEF0053) or putative cross-hybridization (EF0355,
EF1896, EF1992, EF2250, EF2347, EF3256, and EFA(0047), were analyzed using
PCR. Their presence in the 30 isolates was examined by specific PCR amplifi-
cation with primer pairs used for amplification of the cognate PCR probes. A full
list of primers, PCR product sizes, and their nucleotide sequences are available
as supplemental material (see Table S1 in the supplemental material).

DNA methods. Total DNA was extracted from 4 ml of late-exponential phase
cultures as previously described (19). About 50 ng of genomic DNA was labeled
with 50 uCi of a-3?P-labeled dATP (Amersham Biosciences, Orsay, France)
using the RadPrime DNA labeling system (Invitrogen, Carlsbad, Calif.). Labeled
genomic DNA was then purified from unincorporated nucleotides on Microspin
S-200 HR or ProbeQuant G-50 micro columns (Amersham Biosciences) accord-
ing to manufacturer’s instructions.

Membranes were soaked in 2X SSC and prehybridized for 2 h at 42°C in
hybridization buffer (6X SSC, 50% formamide, 1% sodium dodecyl sulfate
[SDS], 10X Denhart’s solution [0.2% Ficoll, 0.2% polyvinylpyrrolidone, 0.2%
bovine serum albumin]) and 15 wg/ml of denatured and sonicated salmon sperm
DNA. Labeled genomic DNA was denatured at 100°C for 5 min and hybridized
for 16 h at 42°C. Membranes were washed using conditions of increasing strin-
gency: 10 min at 42°C in 6X SSC-50% formamide-0.1% SDS, 10 min at 60°C in
2X SSC-0.1% SDS, 10 min at 60°C in 0.2X SSC-0.1% SDS, and 10 min at 65°C
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in 0.1X SSC-0.1% SDS. They were then sealed in Saran Wrap and exposed to
Storage Phosphor GP screens (Amersham Biosciences) for 3 to 5 days. Screens
were scanned at 100-wm resolution using a Storm Imager (Amersham Bio-
sciences). Signal intensities were quantified using Imagene software, version 5.5
(BioDiscovery, El Segundo, CA).

Specific PCR amplifications were performed using conditions similar to those
for probe preparation, except that the initial denaturation step was followed by
five cycles of 30 s at 94°C, 30 s at 56°C, and 1 min at 72°C. This modification was
introduced so as to allow amplification in the case of mismatches due to potential
sequence variations between isolates.

To test whether the absence of the EF1420 and EF2144 genes was linked to the
absence of complete prophages, we analyzed the junction regions of prophages
03 and 05 of V583 in strains that lacked the prophage genes. The primer pair
OEF168 (5'-TGGGGTTAATCCATTTGACC-3") and OEF169 (5'-TGACAGC
TAAACAGTATGCG-3") and the pair OEF170 (5'-AAATCTGTCATTCCAG
CGAC-3') and OEF171 (5'-TTTGACGATTACTCGTCGC-3") were used to
amplify the junction region between EF1416 and EF1490 and between EF2083
and EF2146, respectively.

Data analysis. The bimodal distribution of hybridization signals highlights the
existence of two different gene populations corresponding in fact to their pres-
ence or absence. Each gene population fits a Gaussian distribution model. The
hybridization signal distribution, f(x), is modeled by a mixture defined as the
weighted sum of the two Gaussian distributions (one for each population): f(x) =
PN@;p,0%) + (1 — p)N(x;p,,0%,), where x, the hybridization signal, is the
log-transformed signal mean intensity, p is the proportion of genes in the first
class, and N(x;p;,0%) is the Gaussian density of probability with mean p; and
variance ¢2; of population i (i = 1 or 2).

The parameters of the mixture model are estimated by maximum likelihood
using an expectation maximization (EM) algorithm implemented in the library
MCLUST (20, 21) available in the R statistical environment (http://www.r
-project.org). The maximization step of the EM algorithm generates an estima-
tion of the parameters (mean and variance) of each Gaussian component and of
the mixing proportion p. The expectation step computes the probabilities that the
observed signals belong to either class. The EM algorithm was applied using
several initial values, and parameters maximizing the likelihood of the model
were retained. Gene classification was based on the probability that the relevant
probe belonged to the population of high or low hybridization signals (i.e.,
respectively, present or absent genes). The macroarray data were analyzed using
Class2G (http://migale.jouy.inra.fr/class2g), an R plug-in based on the R package
MCLUST and integrated in the BioArray Software Environment (49).

RESULTS AND DISCUSSION

Macroarray data analysis. In setting up comparative
genomic hybridization for E. faecalis, we first developed a
method to distinguish positive from negative hybridization sig-
nals using a normal mixture model with two Gaussian compo-
nents. Comparative genomic hybridization of E. faecalis strains
was performed on a set of 186 E. faecalis genes, which mainly
encode putative membrane proteins, lipoproteins, cell wall sur-
face proteins, or secreted proteins (see Table S1 in the sup-
plemental material). We specifically focused on bacterial cell
surface proteins that are known to participate in adaptation
and/or survival in various environments. Among them were
included E. faecalis known virulence genes (gelE, cylB, cspl,
and asal). We also took care to select genes at different ge-
nome locations. Total DNA isolated from 30 strains including
V583 and MMH594 strains as positive controls was used for
macroarray hybridization. Raw and analyzed hybridization
data are available in the supplemental material (see Table S2).
No hybridization was detected when E. faecium DNA was used
as target (data not shown), showing that the conditions used
for gene detection with the array were specific. In our mac-
roarray, EF3238, encoding the beta subunit of RNA polymer-
ase, shares the highest DNA sequence identity with the E.
faecium counterpart (85%). Consequently, we estimated that
the sequence identity of genes classified as present was above
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FIG. 1. Distribution and density of probability of hybridization sig-
nals modeled by a mixture model with two Gaussian components
obtained with the V583 (A) and VE14531 (B) strains.

85%. According to our data and the data of other investigators
(42, 44), nucleotide sequence identity between gene homologs
within the E. faecalis species is at least 98%. The classification
of genes as absent from a given isolate was therefore consid-
ered as unambiguous. Classification of a gene as present or
absent often relies on empirical cutoff ratios calculated from
independent experiments with a reference strain. However,
due to inherent experimental variability, this analysis method
leads to the misclassification of genes (36). To ensure reliable
data analysis of our hybridization results—and since our pri-
mary aim was to classify genes in two groups, i.e., present and
absent—we analyzed distribution of the hybridization signal of
each array by a normal mixture model with two Gaussian
components using Class2G software (see Materials and Meth-
ods). Hybridization signals clearly segregated into two groups,
strong and weak, indicating the presence or absence of the
specific target genes. As expected, hybridization signals of
strain V583 (Fig. 1A) exhibited an almost normal distribution
due to the fact that most of the probed genes were selected
from that genome. In contrast, a bimodal distribution was
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observed for the tested strains, indicating that some genes were
absent, as shown in Fig. 1B.

We observed some overlap between the two populations,
such that an accurate threshold to classify genes as present
(class 1) or absent (class 0) could not be ascertained. For final
classification, genes were classified as present (probability of
belonging to class 1 was =0.9), absent (probability of belonging
to class 1 was =0.1) or ambiguous (probability of belonging to
class 1 was between 0.1 and 0.9). This allows detection of
potentially unreliable classification (ambiguous genes) that can
be further investigated to ensure results. The status of the
genes classified as ambiguous was established by 249 PCR
amplifications. Overall, 121 genes were confirmed present in
some isolates. In addition, to estimate the true-positive rate
(ratio of positives correctly classified over the total positives)
and the false-positive rate (ratio of negatives incorrectly clas-
sified over total negatives), we performed 1,130 specific PCR
amplifications. The true-positive and the false-positive rates
had an average of 84% (median, 90%) and 16% (median,
12%), respectively. False-positive misclassification may result
from (i) biased choice of PCR amplifications, as half of them
were performed on genes classified as ambiguous in some
isolates, (ii) the attraction of the larger group (class 1), and (iii)
cross-hybridizations between fragment probes and homolo-
gous genomic sequences as paralogs. Indeed, as the E. faecalis
V583 genome carries a number of paralogs (46), it is likely that
some of the genes classified as present correspond to paralogs
with different cellular roles. Closer analysis of our probes re-
vealed that probes EF0146, EF0487, EF0492, EF3076, and
EF3253 may cross-hybridize as they have V583 paralogs shar-
ing more than 89% identity at the nucleotide level. Their
detection in the isolates thus indicates the presence of at least
one member of the corresponding gene family.

The data analysis method used in this work is particularly
adapted for comparative genomic hybridization, especially for
DNA-DNA macroarray data in the context of gene classifica-
tion. Its main advantage over commonly used methods is that
it consists of an array-to-array analysis that limits the impact of
experimental variations between strains. This is because it re-
quires neither arbitrarily or experimentally fixed threshold val-
ues related to reference strain(s) nor extensive data normal-
ization. Furthermore, it provides a measure of confidence in
the gene classification.

Identification and distribution of the variable genes. Results
of the macroarray data on 186 E. faecalis probes plus the 16
genes analyzed by PCR (see Material and Methods and Table
S3 in the supplemental material) as tested on 30 isolates are
shown in Fig. 2. Of the 202 E. faecalis genes, a total of 124 were
detected in all 30 isolates, indicating that they are conserved.
The number of absent genes in comparison to strains V583 and
MMHS594 varied between 68 (in food isolate VE14585) and 30
(in clinical isolate VE14514). In total, 78 genes (Table 2)
proved to be variable, and their distribution in isolates was
classified in three groups.

Group L. The largest group comprised 51 genes that were
equally detected in both food and clinical isolates, indicating
that these genes cannot be used to determine strain origins
(Table 2). For example, gelE and asal, corresponding to
EF1818 and EFA0047 in V583, are characterized as virulence
factors yet are detected in several food isolates. These results
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agree with previous studies, although a lower incidence of
these genes in food isolates was reported (16, 53). Neverthe-
less, gelatinase activity was not detected in 38 and 50% of the
food and clinical isolates of our collection, respectively (Table
1). Indeed, various isolates carrying gelE reportedly fail to
produce gelatinase, likely due to a deletion of the fsr cluster
region (16, 41, 48). The low frequency of gene EF1825, which
is included in the 23.9-kb deletion comprising the fsr locus,
suggests that such deletions may have occurred (Table 1). For
GelE-positive strains that do not carry EF1825, the deletion
may have occurred such that the fsr genes are still present.
Similarly, genes cpsl (EF2487), cpsH (EF2488), and EF2175
belong or are close to the capsular polysaccharide biosynthesis
gene clusters cps (EF2485 to EF2495) and epa (EF2180 to
EF2200) that are implicated in E. faecalis virulence (29, 58,
59). These genes are also found in food isolates.

The low incidence of asal and cpsI in clinical isolates ob-
served here contrasts with previous studies (3, 10, 29), possibly
reflecting differences in the origins of the isolates. However,
the low asal frequency in this study may be explained by a
higher primer specificity since primers used in previous reports
also matched with the other aggregation substance-encoding
genes prgB (2, 9) and asp! (9) of plasmids pCF10 and pPDI1,
respectively. This observation may explain why isolates
VE14568 and VE14571 were found negative for asal com-
pared to the study of Archimbaud et al. (3). We therefore
suggest that the frequency of asal has been overestimated in
previous studies.

Conservation of the genes encoding factors important for
virulence may suggest that selection for the maintenance of
such traits may exist in their natural environment, which might
be as diverse as soil or plants, and in insect, reptile, bird, or
mammal digestive tracts (for a review, see reference 2). Al-
though all the above factors are known to enhance virulence in
animal or cellular models, they may not be sufficient for E.
faecalis pathogenicity.

Group II. The variable genes of the second group were more
often found in clinical isolates than in food isolates. Thirteen
were absent in the dairy food isolates, and two genes were
more frequent in clinical isolates (Table 2). Genes EF0552 and
EF0553 belong to a putative operon encoding a xylose-con-
taining oligosaccharide phosphotransferase system (PTS)
transporter (60) and could confer the ability to colonize par-
ticular biotopes, such as plants, that provide xylose-rich poly-
mers.

We examined 70 additional enterococcal isolates to confirm
the classification of genes scored as absent from a total of 50
dairy food strains. Specific PCR analysis was performed using
gene-specific primer pairs. Interestingly, cylB that codes the
ABC transporter of cytolysin, turned out to be present in a
particular class of food isolates corresponding to ewe and goat
cheese isolates (Table 3). The higher rates of cy/B in food
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isolates in previous studies may be due to sampling enriched in
these food groups (16, 52, 53). Gene EF2170, which is part of
the cps cluster, was significantly underrepresented in dairy
food isolates. Differential distribution of ¢ps genes could im-
pact the cell wall polysaccharide composition and thereby con-
tribute to serological differences among isolates (31, 32).

Six of the PCR-probed genes were not detected in any of the
dairy food isolates tested, whereas they were found in 13 to
21% of the clinical or commensal isolates (Table 3). Interest-
ingly, three of them (EF0573, EF0592, and EF0605) were
codetected in the same clinical isolates, suggesting that the
isolates may derive from a common ancestor. Among these,
EF0592, an adhesin-like encoding gene, was reported to be
exclusively associated with clinical isolates (10). Genes EF1420
and EF2144 encode two nonhomologous putative lipoproteins
that are specific to E. faecalis and are embedded within proph-
ages. When tested in several food isolates, the entire proph-
ages were absent (see below), raising the possibility that up to
139 genes are coordinately absent. To our knowledge, E. fae-
calis phages have been scarcely studied; however, it is tempting
to speculate that, as previously proposed for several bacteria,
prophages may encode fitness factors that confer a benefit
under peculiar ecological conditions (4).

This is the first report of identification of E. faecalis genes
absent from food isolates. Their low incidence in clinical and
commensal isolates suggests that these genes may act as puta-
tive fitness factors. However, their detection in food isolates
may be a valuable indicator of potential risk.

Group III. The third group comprises genes absent in all
isolates except reference strain V583 and related isolate
MMHS594 (Table 3). Eight genes (excepting V583-specific
EF2513) may be good markers for the common lineage of
MMHS594 and V583. Some of them may be particularly mobile
as they are close to or part of putative mobile elements (com-
piled in Table 4). Since bacterial pathogenesis is a multifacto-
rial process, strain-specific genes may contribute to the epi-
demic spread of this lineage. These genes are likely to
constitute clonal markers that should be traced to follow their
spread among isolates.

Strain variability and gene conservation. Among the genes
analyzed in this work, 61% (124/202) were shared by all iso-
lates tested and may be part of the “core” set of E. faecalis
genes. Conservation of putative adhesion proteins suggests
that they may be related to a global requirement for adhesion
to survive in different ecological niches. Among these, the cell
wall-anchored proteins with tandem repeats of the immuno-
globulin fold, encoded by the EF0089, EF1093, EF1099,
EF1269, and EF2224 genes, were recently reported to be ubig-
uitous among E. faecalis (43, 55). The high-affinity dicarboxy-
late carbohydrate transport system encoded by the EF(0429-
EF0431 operon is rarely found in gram-positive bacteria but is
totally conserved in E. faecalis. In the V583 genome, it is

FIG. 2. Detection of a selection of E. faecalis genes in 30 isolates from clinical and food origins. The individual chromosomes are displayed
vertically, and genes are ordered according to their organization in the reference strain V583 and in MMH494 PAI. The names of the strains are
indicated on the top. C, F, and S indicate, respectively, clinical, food, and human stool origins of the isolates. Gene designations are on both sides
of the diagram, with one of every two genes identified alternately on the left and the right. Absent and ambiguous genes are indicated by white

and gray squares, respectively. Bold characters indicate variable genes.
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TABLE 2. Distribution of 78 genes identified as variable between E. faecalis isolates

J. BACTERIOL.

Detection in”

Gene Gene % GC . .
group ORF name Gene product content Predicted location g4 icolates  Clinical isolates
(%eln=12)  (%n=15)

Group 1 EF0122 Conserved domain protein 304  Secreted 33 33
EF0146 Surface exclusion protein 37.7  Cell envelope 58 27
EF0153 Cell wall surface anchor family protein 435 Cell envelope 25 13
EF0163 Lipoprotein 349  Cell envelope 17 13
EF0164 Lipoprotein 27.7  Cell envelope 17 7°
EF0304 Lipoprotein 339  Cell envelope 8 13%
EF0328 Conserved hypothetical protein 44.1 Cytoplasm 17 27
EF0355 Endolysin 393  Secreted 67 60
EF0376 Hypothetical protein 38.4  Secreted 100 93
EF0487 Conserved domain protein 32.0  Secreted 42 27
EF0490 Cell wall surface anchor family protein 419  Cell envelope 33 40
EF0492 Hypothetical protein 358  Membrane or 42 40

secreted
EF0511 Thermonuclease precursor 39.5 Secreted 42 40
EF0540 N-Acetylmannosamine-6-phosphate 34.6  Secreted 50 60
epimerase
EF0577 Adhesion lipoprotein 33.0  Cell envelope 33 73¢
EF0582 Membrane protein 3477  Membrane 33 73¢
EF0685 Rotamase family protein 36.0  Cell envelope 92 100"
EF0775 Gram-positive anchor protein 29.3 Cell envelope 75 100"
EF0818 Polysaccharide lyase, family 8 37.8  Secreted 92 100"
EF0965 Conserved hypothetical protein 28.8  Membrane 25 27
EF1677 Lipoprotein 354  Cell envelope 100 93
EF1818 gelE Coccolysin 379  Secreted 100 80
EF1825 Conserved domain protein 37.8  Membrane 8 20
EF1844 Hypothetical protein 27.8  Cell envelope 42 33
EF1876 Lipoprotein, NLP/P60 family 41.2  Cell envelope 04 130
EF1877 Membrane protein 40.0  Membrane 04 1354
EF1992 Endolysin 37.5 Secreted 17 40
EF2175 LicD-related protein 359  Cytoplasm 25 27
EF2234 Sugar ABC transporter, sugar-binding protein 36.7  Cell envelope 67 87
EF2237 Lipoprotein 31.5  Cell envelope 58 73
EF2487 cps]  UDP-galactopyranose mutase 357  Cytoplasm 25 27
EF2488 cpsH  Lipoprotein 29.3  Cell envelope 25 27
EF2505 Cell wall surface anchor family protein 37.7  Cell envelope 83 87
EF2525 Cell wall surface anchor family protein 36.4  Cell envelope 33 40
EF2662 Choline binding protein 36.4  Cell envelope or 83 73
secreted

EF2682 Conserved hypothetical protein 347  Cell envelope 83 87
EF2683 Conserved hypothetical protein 394  Secreted 83 87
EF2684 Conserved hypothetical protein 38.5 Secreted 83 87
EF2686 Internalin protein family 384  Secreted 83 87
EF2713 Cell wall surface anchor family protein 335 Cell envelope 17 20
EF2795 LysM domain lipoprotein 33.8  Cell envelope 67 53
EF2922 Conserved hypothetical protein 33.0  Membrane 100 87
EF2968 Cell wall surface anchor family protein 39.1 Cell envelope 100 93
EF3023 Polysaccharide lyase, family 8 38.1 Cell envelope 83 80
EF3074 Hypothetical protein 41.1 Secreted 75 87
EF3075 Hypothetical protein 42.0  Secreted 75 73
EF3154 Conserved hypothetical protein 414  Secreted 17 27
EF3248 Hypothetical protein 432 Secreted 17 13°
EFA0047 asal  Aggregation substance Asal 38.6  Cell envelope 42 13°
EFB0012 prgC  Surface protein PrgC 423 Cell envelope 58 33
PAIEF0052¢ Nisin-resistance like protein 29.0  Cytoplasm 50 47
PAIEF0053 Hypothetical protein 27.0  Membrane 50 47
PAIEF0056  esp Enterococcal surface protein 37.0  Cell envelope 50 53

Group II  EF0501 Lipoprotein 333  Cell envelope 0 27
EF0518 Cell wall surface anchor family protein 33.0  Cell envelope 0 20
EF0552 PTS system, IIC component 345 Membrane 17 60
EF0553 PTS system, IID component 322 Membrane 17 60
EF0573 Hypothetical protein 333  Secreted 0 20
EF0592 Cell wall surface anchor family protein 447  Cell envelope 0 20
EF0605 Conserved hypothetical protein 26.2  Membrane 0 20
EF1420 Hypothetical protein 325 Cell envelope 0 33

Continued on following page
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TABLE 2—Continued

Detection in”

Gene Gene % GC . .
group ORF name Gene product content Predicted location g4 icolates  Clinical isolates
(%eln=12)  (%n=15)

EF1896 Cell wall surface anchor family protein 40.0  Cell envelope 0 33
EF2144 Lipoprotein 332  Cell envelope 0 20
EF2168 LicD1 protein 31.4  Cell envelope 0 20
EF2170 Glycosyl transferase, group 2 family protein 304  Cell envelope 0 20
PAIEF0047 cylB  Cytolysin B transport protein, CylB 27.0  Membrane 0 13
PAIEF0048  cylA  Cytolysin activator, CylA 31.0  Cell envelope 0 13
PAIEF0050 Hypothetical protein 30.0  Cytoplasm 0 13

Group III  EF2248 Hypothetical protein 358  Secreted 0 13°
EF2250 Conserved domain protein 329  Secreted 0 13°
EF2253 Conserved hypothetical protein 38.0  Cell envelope 0 13°
EF2254 Conserved hypothetical protein 42.6  Secreted 0 13°
EF2282 Conserved domain protein 32.0  Cytoplasm 0 13°
EF2347 Cell wall surface anchor family protein 379  Cell envelope 0 13°
EF2513 Lipoprotein 33.0  Cell envelope 0 7°
EF3153 Conserved hypothetical protein 46.5 Secreted 0 13°
EF3155 Conserved hypothetical protein 40.5 Secreted 0 13°
EF3252 Hypothetical protein 415  Secreted 0 13°

¢ Distribution of individual genes was analyzed by a Fisher exact test and P < 0.05 was considered significant. Only isolates from dairy foods were considered. Results
of poultry food isolate VE14510, stool isolate VE14571 and type strain were not included.
 Gene was detected only in reference strains V583 and/or MMH594 meaning it was not detected in the type strain, the stool isolate VE14571 and the food isolate

VE14510.
¢ This difference (P = 0.0574) was close to the significance level.
4 Genes EF1876 and EF1877 were detected in the type strain.

¢ Genes PAIEFxxxx correspond to EFxxxx genes in PAI of strain MMHS594 (53).

located in a region rich in putative carbohydrate metabolism
genes that may encode important functions in particular envi-
ronments. Regarding the diversity of the natural environments
of E. faecalis, conserved genes are probably inherent to certain
of its lifestyles. Some, if not all, of these genes may be required
for gastrointestinal lifestyles in humans and/or animals.
Cluster analysis on the set of the 78 variable genes revealed
three strain clusters (Fig. 3). Two clusters comprised isolates of
different geographical and environmental origins. Based on
our data, the urine isolate VE14514 from France is related to
MMHS594 and V583, mainly due to the conservation of the PAI

TABLE 3. Distribution of 11 genes among a collection
of 100 isolates”

Isolate source (% of total no. of isolates)

Gene”

Clinic Food Human stool
(n = 38) (n = 52) (n = 10)
EF0501 18.4 5.8 0
EF0518 15.8 5.8 20
EF0573 13.1 0 0
EF0592 13.1 0 0
EF0605 15.8 0 0
EF1420 21.6 0 20
EF1896 31.6 21.2 10
EF2144 15.8 0 10
EF2170 26.3 1.9 0
cylB 8 15.4 10
PAIEF0050 13.1 0 0

¢ Distribution of individual genes was determined by PCR and analyzed by a
Fisher exact test. Values in boldface indicate significant results between dairy
food and clinical isolates with a P value of <0.05.

® Genes cyl4 and EF2168 were not probed as they are putatively cotranscribed
with cy/B and EF2170, respectively.

genes probed, indicating that the PAI might be spread world-
wide (43). Interestingly, besides sharing PAI genes, strain clus-
ters I and III share EF2168, EF2170, and EF2175 and lack the
putative operon EF2682-EF2686 and EF3023 and EF3075,
respectively (Fig. 2). We also identified loci that distinguish the
two isolates MMHS594 and V583. Strain MMHS594 was found
to lack genes EF0153, EF0163, EF0164, EF2237, and EF2513.
This suggests that V583 may have diverged from MMHS5%4,
not only by the acquisition of vanB and the deletion of the
17-kb region which encompass esp (43, 54) but also by acqui-
sition of at least part of the mobile element efaC2 (Table 4). In
addition, detection of EF2282 and EF2347 in MMH594 indi-
cates that vanB genes have been transferred in an existing
mobile element, leading to a complex structure identified as a
putative integrative and conjugative element (5). This suggests
that, independently of the evolution of the PAI region, other
genes clearly contribute to define E. faecalis lineages.

Not surprisingly, comparative genome hybridization reveals
greater strain diversity than MLVA. Although we did distin-
guish food isolates by the absence of six genes, these genes
were insufficient to cluster the isolates in a separate category
(Fig. 3). These results suggest that E. faecalis isolates may be
intrinsically related due to the fact that food isolates are likely
to result from fecal animal contamination. Food isolates may
have factors for establishment in their natural host, making it
difficult to distinguish them from those of clinical origin.

Global genetic plasticity relative to the reference genome.
When examined in the V583 genome, half of the variable genes
are scattered over the chromosome, while 38 were adjacent or
located in discrete regions predicted to be mobile genetic el-
ements (Table 4).

Two genes (EF1420 and EF2144) tested in this work were
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TABLE 4. Putative mobile genetic elements predicted in V583 genome*

Putative mobile genetic

Genes Integration site Reference
element
EF0127-EF0166 efaC2 3" end of EF0167 encoding a GMP-synthase 5
EF0303-EF0355 Phage01 3" end of EF0322 encoding aminopeptidase C 46
EF0479-EF0628 PAI Downstream of EF0477 encoding an unknown protein 54
EF1276-EF1293 Phage02 Not found 46
EF1417-EF1489 Phage(3 3" end of EF1416 encoding a glucose-6-phosphate isomerase”* 46
EF1847-EF1895 efaBS Not found 5
EF1988-EF2043 Phage04 5" end of EF1987 46
EF2084-EF2145 Phage05 Downstream of 3’ end of tRNA-Thr2¢ 46
EF2277-EF2346 vanB vancomycin resistance Not found 46
region
EF2512-EF2546 efaCl tRNA-Thr3 5
EF2798-EF2855 Phage06 Upstream of 5" end of tRNA-Ser5 46
EF2936-EF2955 Phage(07 Upstream of 5’ end of EF2935 encoding a protein of the 46

xanthine/uracil permease family

“ Genome accession number AE016830.
b Reported by Burrus et al. (5).

¢attLjattR: ACAAACGCAACATGTTCGCTTTATTAGGTAAACCAGG(A/T) TTTGAAGAATTAGCAAAAGATTTAAATGCACGC(C/T)TATA (the present

study).
4 antl jattR: GGCAGGTGGCT(C/T)TTT (the present study).

located in putative prophages. Interestingly, they were absent
in all food isolates tested (group II). Their absence may cor-
respond to the absence of the cognate prophage. To further
investigate the corresponding regions, we designed oligonucle-
otides to amplify a fragment spanning the predicted insertion
site (46). Sequence analysis of the amplicons from strains that
lacked EF1420 and EF2144 allowed us to identify two dele-
tions of 48,373 bp and 43,518 bp, respectively. Consequently,
we could delineate the integration site of prophages 03 and 05
of V583 strain. Prophage 03 was integrated between EF1416
and EF1490 in the 3’ end of EF1416, which encodes a glucose-
6-phosphate isomerase. Prophage 05 was integrated in the 3’
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FIG. 3. Dendrogram showing the relationship between 30 E.
faecalis isolates. Clustering analysis was performed using the Stat-
Graphics program. The gene dissimilarity used is the squared Euclid-
ean distance obtained from a binary matrix (genes X isolates) with 1
for the presence and 0 for the absence matrix. The hierarchical clus-
tering was performed using the maximum linkage on the dissimilarity
matrix. C, F, and S indicate, respectively, clinical, food, and human
stool origins of the isolates.

end of a gene encoding tRNA™"2, Prophages 03 and 05 are
flanked by a 76-bp repeat and a 15-bp repeat, respectively,
corresponding to their attachment sites (Table 4). These re-
sults demonstrate that prophages 03 and 05 may have been
acquired recently since they are absent in several natural
strains. These two prophages, which were not detected in the
analyzed dairy food isolates, account for a total of 135 genes.
Most of them are of unknown function, and, as stated above,
they may contribute to E. faecalis adaptation to various envi-
ronments including the host. Further investigation of their
distribution is required to ascertain their absence in food iso-
lates.

The E. faecalis PAI region is of particular interest since it
was clearly associated with two isolates responsible for multi-
ple infections (54). Our data confirmed that the putative
pathogenicity island exhibits a high variability and is largely
disseminated among isolates, in keeping with a recently pub-
lished study (43). In this study, 8 of the 30 strains lacked the 20
genes present in the PAI of MMHS594. Several PAI genes
(PAIEF0053, esp, EF0540, EF0577, and EF0582) were de-
tected in about half of the isolates; others (EF0501, EF0518,
¢yIB, cylA, PAIEF0050, EF0573, EF0592, and EF0605) had a
lower incidence. This variability confirms the modular struc-
ture of this mobile genetic element. In contrast to a scenario
where PAI would have evolved through deletion events only,
our data suggest that PAI may evolve by gain and loss of partial
PAI segments, as suggested by Shankar and coworkers (54).

All these results demonstrate that the genetic variability of
E. faecalis isolates relates to gene loss and acquisition to not
only the PAI region but also other genomic regions including
capsular polysaccharide clusters, prophages, and putative mo-
bile genetic elements. Analysis of the percent GC content of
variable genes (Table 2) suggests that several of them have
been recently acquired by horizontal transfer from distant or-
ganisms like gram-negative bacteria. However, the majority
may result from intraspecies transfer. The efficient E. faecalis
conjugation systems are likely to facilitate formation of vari-
ants leading to genome flexibility. As an opportunistic bacteria,
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it is likely that E. faecalis pathogenesis results from the coor-
dinated expression of diverse fitness and virulence factors fa-
voring its adaptation to the hostile environment of the host and
its antibacterial defenses (6). We speculate that E. faecalis
genes identified as overrepresented in or specific to clinical
isolates may constitute putative fitness factors by conferring an
advantage to E. faecalis to establish in humans. Further ge-
nome sequencing of multiple E. faecalis isolates from various
origins would enhance our progress in the identification of
specific sequences that may encode adaptation factors to ad-
verse environmental conditions and contribute to enhanced
pathogenicity.

In summary, this is the first large-scale study of E. faecalis
genome diversity that gives a first picture of the stable versus
variable regions in the E. faecalis chromosome. We applied a
more robust statistical method for gene distribution analysis by
macroarray, which could be of general use. Several discrete
regions of variability were identified, including two V583 pu-
tative prophages whose the integration sites were mapped. Our
data confirm the modular structure of the PAI region with
subregions conserved in more that half of the isolates. A sig-
nificant finding of this work is that six of the probed genes
appear to be absent from the dairy food isolates. Even if these
genes are not ubiquitous in clinical isolates, they may consti-
tute good markers for risk assessment regarding E. faecalis
isolates that are found in fermented products. Genes specifi-
cally detected or overrepresented in clinical isolates are of
particular interest as they may be fitness factors contributing to
the development of human infection. Since E. faecalis patho-
genesis is a multifactor process, we believe that extended
genomic studies will allow identification of the genes needed
for E. faecalis colonization ability and pathogenicity.
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